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INTRODUCTION
Manufacturing of pulp and paper is a large and complex process, employing a variety of
technologies._ The ultimate goal of these operations is the conversion of lignocellulosic
fibers into paper and paper-board products. Of the variety of paper products
manufactured, the production of high-brightness, high-strength products requires some
of the most sophisticated technologies available. In general, these pulp_' can be
manufactured either by retaining the three major constituents of wood: lignin,
hemicellulose, and cellulose, or by selectively removing lignin to yield a cellulosic-based
fiber for paper-making. Regardless of which process is employed, both of these types
of pulps require chemical treatments to increase the brightness properties of the final
product. Pulps which retain lignin are frequently referred to as mechanical pulps, and
although these pulps can be bleached to relatively high-brightness values, their well-
known propensity to undergo photo- and thermal-yellowing has limited .their application
for high-v_ue paper products?
Since lignin is the main coloring component of lignocellulosic fibers, its' removal by
chemical processes yields a much brighter product. Furthermore, the yellowing
properties of mechanical pulp are initiated by lignin, and its removal substantially improves
the photo- and thermal-stability properties of these pulps? The production of lignin-free
pulps, frequently referred to as chemical pulps, is achieved through a series of chemical
processes which remove lignin without seriously degrading the carbohydrate fraction.
Although several commercial technologies are available to delignify wood fibers, in North
America, the most frequently employed process utilizes sodium hydroxide and sodium
sulfide. This procedure, known as the kraft pulping process, delignifies wood fibers
through a series of hydrolytic and su!fidolytic reactions at elevated temperatures. 4 Upon
completion of the chemical cook, approximately 95% of the lignin has been removed. The
remaining lignin is resistant to these cooking conditions and must be removed through
a series of oxidative bleaching reactions.
Although the chemical structure of residual lignin remains poorly defined, it is commonly
believed that this type of lignin is enriched with vinyl ether-s and stilbene-6type structures
(A), condensed lignin7 (B), lignin/carbohydrate complexes8 (C), and trace amounts of B-
O-awl ether linkages9 (D) (see Figure 1). Structures A, B, and C are stable to alkaline
pulping conditions, and therefore, removal of these components is achieved with the use
of chemical reagents which can oxidatively fragment the lignin polymer and introduce
hydrophilic groups, such as carboxylates, and hydroxy and phenoxy groups.
In the 19th century, this was accomplished using two stages of hypochlorite treatment._°
This process was improved in the early 1900s when it was shown that the use of an
alkaline extraction stage between the two hypochlodte treatments and intermediate
washing substantially reduced the amounts of chemical required for bleaching and yielded
stronger and brighter pulps.TM Subsequent investigations in bleaching chemistry herald
the use of chlodne and chlorine dioxide as the preferred bleaching agents for chemical
pulps. By the late 1950s, the basic bleaching agents for chemical pulps had been
determined. These oxidative treatments remained the mainstream of the pulp and paper
industry unUl the late 1980s. _2
Historically, the effluents generated from pulp bleaching operations were discharged in
aquatic systems with minimal secondary treatment. As bleaching operations grew in
capacity, these effluents began to impact upon regional aquatic systems. As a result, a
varietyof secondary treatment systems were built to properly treat bleach plant effluents._3
The detection of polychlorinated dibenzo-p-dioxins and dibenzofurans in bleach plant
effluents in 1987 dramatically altered public concern about these effluents.TM In response
to these concerns, process changes were rapidly implemented which virtually eliminated
dioxin discharges._ Nonetheless, these concerns were only a prelude to a greater
societ_ awareness of the impact that industrial practices have on the environment.
:Indeed,the use of _lorine-based agents not only in the pulp and paper industry, but for
_most all industrial processes has come under increasing environmental scrutiny._6
Consequently, a variety of nonchlorine-based oxidative reagents have been examined as
potenti_ alternatives for bleaching chemical pulps. To date, the only commercial pulp
bleaching alternativesto c_todne and chlorine-dioxide are hydrogen peroxide,_7ozone,_8
and alkalineoxygen treatments.19Despite these successful developments, ,thereremains
a strong need to develop alternative bleaching chemicals which could displace current
chlorine-based bleaching technologies. Therefore, USA researchers at the Institute of
Paper Science and Technology, and University of Missouri, and Paprican, in Canada,
have begun to investigate the potential bleaching capabilities of dimethlydioxirane (DMD).
Basic Bleaching Chemistry of Dimethyldioxirane
The application of dimethyldioxirane as a bleaching agent for chemical pulps was
attractive based on two basic considerations. First, a review of dimethyldioxirane
chemical react ':,Mty2° suggested that this cyclic peroxide would have unique oxidative
properties toward lignin. Second, the reagent can be prepared from hydrogen peroxide,
sulfuric acid, and acetone which suggests that the on-site generation costs of
dimethyldioxirane could be minimal.2_
Although there have been no reported studies directed at examining the fundamental
bleaching chemistry of dimethyldioxirane to date, several publications are suggestive of
the chemical reactiv,rtyof dimethyldioxirane with lignin-like structures. As discussed,
residual lignin is believedto be enriched in vinyl ether and stilbene structures which would
most likely react with DMD. Baumstarkand Vasquez22have previously demonstrated that
the reactivity of DMD with simple stilbenederivatives (1) yields the corresponding epoxide
(2), and analogous results have been reported by Harris et al.23for vinyl ether-type









3: R3, R4 = CH2CH2CH2 4
Based on these results it was anticipated that lignin-like an_oguesof compounds 1 and
3 would _so undergo epoxidation via DMD and these products could then be hydrolyzed
during caustic extraction. The overall result of these series of reactions would be to
increase the hydrophilic nature of the oxidized lignin.
Early studies by Murray 24 demonstrated the ability of DMD to epomdize electron-rich
_omatic systems such as pyrene and naphthalene. Adam 25 and Crandal126 have also
reported that dimethyldioxirane iscapable of oxygen transfer into hydroquinone structures















These results suggest that dioxirane-based bleaching agents could oxidize the electron- 
rich aromatic units of lignin which are derived from p-coumaryi, p-coniferyl, and p-sinapyl 
alcohol.27 The ability to introduce additional hydroxy groups into the aromatic subunits 
of lignin would enhance the solubility of oxidized lignin fragments in an alkaline extraction 
step. 
The ability of simple dioxiranes to insert into carbon-hydrogen bonds has also been 
6 
shown to occur. 2s Marples et al utilized this reaction to debenzylate several benzylated





Preliminary studies in the author's laboratory demonstrated that analogous reactions
occurred with lignin-like st_'uctures; the o_dative cleavage of 5 is representative of this
type of reaction. _
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The ability of DMD to cleave inter-lignin linkages was suggestive of the unique bleaching
capabilities that substituted dioxirane could well exhibit.
Finally,studies by Danishefsky3_have shown that DMD has an exceptionally Iow reactivity
with fully-saturated carbohydrate derivatives. These results suggest that DMD could be
a very selective bleaching reagent for kraft pulp, oxidatively removing lignin without
seriously damaging cellulose and the assorted hemicellulose polymers found in wood
fibers.
Just as the renaissance in dioxirane chemistry was made possible by Murray's2_simplified
acetone-caroate method to prepare dimethyldioxirane, the simplicity of this method has
made it possible to consider commercial bleaching applications. Figure 2 summarizesthe
general chemical reactions involved in the preparation of dimethyldioxirane and it's
applicability for bleaching chemical pulps. It should be noted that acetone is not
consumed during these reactions and acts as a true catalyst transferring oxygen from
peroxymonosulfate to an oxidizable substrate. _e catalytic properties of acetone have
practical considerations as this reduces the amount of acetone needed for bleaching
chemical. Furthermore, the incorporation of an acetone recovery stage after the DMD
bleaching stage would reduce the overall chemical costs of bleaching with
dimethyldioxirane.
For pulp bleaching operations, cost considerations prohibit the use of commercial
caroate, available as a triple salt of 2KHS05. KHSO4eK2SO4 (commercial trade name
OxoneTM),as the source of peroxymonosulfate. Instead, it is anticipated that the caroate
salt will be prepared on-site by combining 96% sulfuric acid with a 70% hydrogen
peroxide solution. The technology needed to generate caro's acid from these reagents
is already availableand could be incorporated into modern pulp bleaching operations?
In summary, the oxidative chemistry of DMD and its methods of generation appeared to
be very attractive for commercial applications. Over the last three years, substantial
progress has been achieved in developing the bleaching capabilities of dimethyldioxirane
for chemical pulps. The remainder of this paper will summarize these accomplishments.
PULP B:LEACHING S_DIES
The intrinsic bleaching capabilities of DMD were in.ally assessed independently by
Murray and Lee at Universityof Missoud/Paprican 33and Ragauskas at IPST? Employing
Murray's method of generating DMD,2_several chemi_l pulps were treated with varying
charges of dimethyldioxirane, washed, and extracted with aqueous alkaline. The
bleached and extracted pulps were characterized according to changes in lignin content,
brightness, and viscosity. These parameters are the fundamental measurements by
which bleaching efficiency is determined. Viscosity determinations_ are a relative
measure of oxidative damage to cellulose and are indicative of pulp strength properties.
Lignin content is expressed in terms of a kappa number3s (kappa number x 0.15 = %
lignin per gram of fiber) and is readily determined by KMnO. titration of the pulp fibers.
Brightness values are measured on dry testsheets by irradiating the handsheets with 457
nm reference light and measuring the percent reflectance?
As shown inTable 1,treatment of kraft pulps with DMD/acetone solutions led to extensive
delignification of the pulps and accompanying brightness gains. Studies by Lee
demonstrated that the DMD-bleached hardwood kraft pulp also exhibited superior
strength,properties to that of the same pulp delignified by oxygen to the same lignin level.
Furthermore, the DMD-bleached pulps responded favorably with chlorine dioxide to yield
high-brightness pulps. A comparison of these preliminary studies with well-known
literature results suggested that the bleaching capabilities of DMD were comparable to
chlorine and/or chlorine dioxide.&3
Although these results were promising, the methods employed to generate and isolate
acetone/DMD solutions were dearly not suitable for commercial applications. To address
these issues, research activitiesby Lee and Ragauskaswere directed towards developing
in-s'rtuDMD bleaching procedures. Initial studies by Lee and Murray_'3sdemonstrated
that the addition of Oxone TM (Note: Oxone TM was employed as a convenient source of
peroxymonsulfate) to an acetone/water pulp slurry buffered to pH 7.0, generated DMD
in-situ and resuEed in extensive delign'rficationof a hardwood kraft pulp. As summarized
in Figure 3, DMD delignification of the kraft pulp was accompanied with only minor losses
in viscosity.
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The bleaching properties of in-situ generated DMD were _so explored by Ragauskas.a4
Initially,the bleaching efficiency of pero_onosulfate was evaluated employing aqueous
acetone and water as bleaching solvents. The differences in extent of delignification for
the water and aqueous acetone bleaching systems are shown in Figure 4. _ese studies
clearly demonstrate that the bleaching properties of peroxymonosulfate were substantially
improved when the bleaching solvent was a mixture of acetone and water. _e use of
an acet_e/water mixture not only improved the extent of deliginification, but these
benefits were accomplished without substantial oxidative damage to _e cellulose fibers,
as summarized in Table 2. To insure that the d'[fferencesobserved in Figure 4 could be
attributed to bleaching chemistry and not to differences in solubility of the oxidized lignin,
Ragauskas employed several post-bleaching washing treatments for the control pulps.
After bleaching, the control pulps were washed with water, then extracted with an
acetone/water solution and re-washed :with,'_water. In summary these preliminary results
suggested that in-situ generated DMD could be a very selective and effective bleaching
reagent.
As expected, the extent of delignification was also shown to be sensitive to the relative
amounts of water and acetone present dunng in-s'rtuDMD bleaching procedures. During
preliminary studies by Ragauskas34,the mass ratio of acetone to pulp (oven dry weight)
was maintained at 10:1. Research studies by C.-L. Lee et al.39demonstrated this ratio
could be reduced to 0.16:1.0; further reductions in acetone subst_tially reduce _e
bleaching efficiency of this procedure.
13.
As an alternative to employing aqueous acetone pulp slurries for the bleaching reactions,
the effect of premixing the bleaching reagents has also been examined. After analyzing
a series of premixing conditions, the optimal procedure employed a 4'1 mass ratio of
acetone to pulp (oven dry weight). The bleaching reagents were premixed for 5 minutes
prior to addition to the aqueous pulp slurry. After establishing a simplified, in-situ method
of generating and bleaching with DMD, Ragauskas studied the effects of reaction time,
pH, and temperature.4° As summarized in Table 3, in-situ DMD bleaching of kraft pulps
was shown to be completed within I hour, at room temperature. DMD bleaching
reactions were also shown to be sensitive to temperature as illustrated in Figure 5, and
improved delignification responses were shown to occur at higher temperatures.
Although the optimal pH for DMD generation is between 7.0-7.5, the pH profile for
bleaching kraft pulps was initiallyan unknown factor. Employing in-situ, premixed DMD
solutions, Ragauskas demonstrated that the bleaching chemistry of DMD was also pH
sensitive. As summarized in Figure 6, the optimal pH for DMD delign'_cation of kraft
pulps was shown to be at ca pH 7.0. Whether these results are due to preferred DMD
bleaching kinetics or perhaps due to reduced rates of re-generating the dioxirane catalyst
remains to be determined.
As these preliminary studies came to a conclusion, it was apparent that in-situ generated
DMD offered unique capabilities to bleach kraft pulps. Research efforts have therefore
been directed at assessing several other process variables which would be of importance
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for any future commercial applications, including sensitivity of DMD to transition_ metals,
potenti_ use of alternativedioxir_e structures, and bleaching sequence studies.
Trace Metals
As the pulp and paper industry increases '[ts reliance on oxygen-based bleaching
reagents, the need to control the metals profile of the incoming pulps has become an
important issue.4_ It is well known that the presence of metals in wood fibers (see Table
4), chelated principally by lignin, _n be very detrimental to oxygen-based bleaching
reagents, such as hydrogen peroxide and ozone. 42 A variety of _dies have shown that
several trace metals, including iron, manganese and nickel can decompose hydrogen
peroxide into hydroxy radicals.43 This radical has a very poor selectivity between lignin
and cellulose _d therefore cause extensive oxidative damage to cellulose, thereby
reducing its degree of polymerization and its intrinsic strength prope_es. Comparable
deleterious effects have been noted between transitional metals and the bleaching
chemistry of ozone and peroxymonosulfate.44 The generation of dimethyldioxirane has
also been shown to be sensitiveto transitional metals._ These results suggest that the
bleaching chemistry of DMD could also be influenced by the presence of me_s.
To evaluate the impact of trace metals on DMD bleaching of kraft pulps, Ragauskas
prepared a series of chelated and non-chelated pulps, treated each with DMD, _d
monitored the extent of delignification.46Removalof metes was accomplished employing
47
standard EDTA chelation procedures and sulfuric acid washing methods.4a Following
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these treatments, the pulps were analyzed for metal contents employing standard AA
procedures. Although both procedures were effective at reducing the metals present in
the kraft pulp, it is apparent that EDTA was slightly more effective at removing iron salts.
Once the pulps had been chelated and characterized, each sample was bleached with
DMD (0.7% charge of distilled DMD; seeTable 5 for more details) and then extractedwith
aqueous alkaline. The resu_s of these studies clearly demonstrate that the bleaching
efficiency of DMD is affected by trace metals. A comparison of the bleached/extracted
EDTA pulp, sulfuric acid washed pulp, and non-chelated pulp indicates that the chelated
pulps have undergone further delignification. These results have been attributed to the
reduced presence of metals which could interfere with DMD's bleaching reactions. A
comparison of the metals profile for the EDTA and sulfuric acid washed pulps suggested
that the presence of iron in the pulp fibers has a detrimental impact on bleaching
efficiency. Ongoing studies will establish which metals are most harmful to the bleaching
chemistry of DMD. Furthermore, the results of these studies pose interesting mechanistic
questions which are currently under study in the aL_hor's laboratory.
Alternative Dioxiranes
Although most reported dioxirane bleaching studies have focused on the bleaching
efficiency of dimethyldioxirane, there are no theoretical reasonswhy alternativedioxiranes
could not be successful at bleaching kraft pulps. Indeed, an examination of the literature
suggests that DMD may well be one of the least reactive dioxirane species.49 To explore
this issue, the potential bleaching chemistry of peroxymonosuffate in the presence of
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either cyclohexanone, cyclopentanone, or 2-butanone have been examined by
Ragauskas. s° Following the same procedure employed to generate DMD, the alternative
ketone bearing structures were treated with peroxymonosulfate, sodium bicarbonate, and
water. The resulting mixture was added to a softwood kraft pulp and stirred for I hour.
The bleaching efficiency of each of these mixtures was then monitored by determining the
extent of delignification. As summarized in Table 6, the bleaching efficiency of
2-butanone/peroxymonosulfate was nearly as efficient as DMD at removing lignin from
kraft pulps. In comp_ison, the bleaching mixture derived from either cyclohexanone or
cyclopentanone and peroxymonosulfate appeared to be relatively unreactive with kraft
pulps. These latter results were attributed to unfavorable solubility conditions for
generating this dioxirane. This possibility was further explored by repeating the dioxirane
bleaching procedure with a phase transfer reagent to aid in the generation of the
substituted dioxirane generated from cyclopentanone. The use of a phase transfer
catalyst for generating substituted dioxiranes from ketones with limited water solubility has
been successfully developed by Curci.51 Unfortunately, the resulting procedure did not
assist in improving the bleaching prope_es of cyclopentanone and Oxone TM which are
presumably due in part to the solubility problems.
Although the bleaching results achieved from 2-butanone and OxoneTM were promising,
we ihavebeen unable to find a dio_rane precursor which substantially outperforms DMD.
In light of these considerations and the cost advantages of employing acetone, it appears
that DMD may well be the preferred dioxirane structure for bleaching kraft pulps.
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DMD-B!eaching Sequences
The bleaching of chemical pulps is a multi-step process involving several oxidative
treatments, washing procedures, and alkaline extractions. The complexity of this process
can vary immensely from employing just one bleaching chemical several times to coupling
the oxidative bleaching properties of several reagents. For example, many modern
bleaching operations are currently employing three oxidative chlorine dioxide treatme_s
coupled with alkaline extractions after the first two bleaching stages. _is sequence is
referred to as a DEDED sequence. (Note: Bleaching sequences are frequently described
by coupling together the symbols for each bleaching stage; see Table 7 for a complete
listing of bleaching abbreviations).
Multi-stage bleaching operations are required since it is not possible to bleach kraft pulps
to high-brightness values in a single step. Each bleaching stage has a response curve
with respect to chemical charge, and at lower chemical charges, the amount of lignin
removed is linear with the amount of bleaching chemical applied. At some point in the
curve, this linear relationship fails, and the efficiency of delignification begins to decrease,
eventually reaching a point where additional amounts of bleaching chemical is of little or
no benefit._ The typical response curve for chlorine dioxide charge versus brightness
development is shown in Figure 7. Based upon these considerations alone, the
production of fully-bleached kraft pulps would require several treatments with DMD and/or
the use of alternative bleaching reagents.
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In addition to these considerations, when utilizing severalbleaching agents, the sequence
by which these chemicals are applied onto pulps influences the final outcome. For
example, when using ozone, chlorine dioxide, and oxygen delignification (i.e.,
O2/NaOH/H20 ) for bleaching kraft pulps, the final brightness and strength properties are
vastly improved when OZED is the bleaching sequence instead of ZOED. These results
can be readily explained in terms of lignin bleaching chemistry. The mechanism of




+ 02 H30 OHOCH3 02 OCH3
OH O' O
Bleaching of kraft pulps with ozone prior to oxygen delign:rficationremoves most of the
free phenoxy groups. _is reduction in the phenoxy group content of lignin reduces the
bleaching efficiency of the oxygen delignification.
In light of these considerations, the development of DMD as a bleaching agent for kraft
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pulps will require extensive bleaching sequence studies. Recent studies by C.-L Lee et
al.39and McDonough et al.s4have begun to explore these issues. Some of their results
are Summarized in this section.
Bleaching sequence studies by C.-L Lee have demonstrated that DMD is a very versatile
bleaching agent which can be employed in conjunction with either chlorine dioxide,
hydrogen peroxide, or oxygen; delignification. DMD was shown to be an excellent
replacement for the first stage of a (C/D)EDED sequence to afford (DMD)EDED. Pulps
bleached with the latter sequence exhibited higher final brightness values_d improved
strength properties. These properties were shown to be due to the highly efficient and
selective bleaching prope_es of DMD. Totally chlorine-free bleached pulps have also
been prepared employing either O(DMD)EP or (DMD)EP as bleaching protocols. These
sequences were shown to be effective in bleaching hardwood kraft pulps to acceptable
commercial brightness levels.
McDonough et al.54have further explored the bleaching capabilities of DMD for softwood
kraft pulps. They demonstrated that the optimal placement of DMD should be early in the
bleaching sequence. Employing an oxygen-delignified softwood kraft pulp, two
sequences were examined w'rthDMD, ethlyenediamineteraactic acid (Q-stage: removes
metals by chelation), and hydrogen peroxide. The sequences evaluated were
O(DMD)QP, in which the DMD stage is primarily a delignifying stage, and OQP(DMD), in
which DMD assumes a brightening role. Chemical charges and bleaching conditions
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were identi_ for both sequences. The results of these studies indicate that DMD should
not be placed at the end of a bleaching sequence since the desired brightening properties
are not observed. Presumably, this is due, in part, to DMD's inability to oxidize quinoid
structures which are most likely formed in-situ by DMD oxidation of lignin-derived
hydroquinones. Application of DMD early in a bleaching sequence will still generate lignin
quinoid structures, but these colored chrornophores are _en oxidatively removed with
secondary bleaching chemi¢ls, such as hydrogen peroxide or ozone.
Coupled with the development of new oxygen-based bleaching methods for kraft pulps,
there have also been significant advances in the use of biotechnology for bleaching kraft
pulps. One of the most important developments has been the use of xylanase as a
pretreatment for chemical bleaching sequences,ss Numerous studies have shown that
the pretreatment of kraft pulps with xylanase significantly enhances the bleachability of the
resulting pulp.r_ Typically, pretreatment of kraft pulps with xylanase prior to bleaching
with chlorine, chlorine dioxide, and ozone yields chemical savings in the range of 15 to
25%. Furthermore, the enzyme-treated pulps frequently exhibit higher brightness and
viscosity v_ues. Figure 8 illustratessome of the practical delignification benefits achieved
with xylanase pretreatment procedures when incorporated with ozone bleaching
procedures,s7These results show that the xylanase pretreatment procedure can enhance
the extent of delignification which occurs with ozone. Although the mechanism of the
biobleaching process remains iii-defined, it is frequently suggested that the xylanase
pretreatment procedure hydrolyses surface xylans which permit the pulp fibers to swell
3.9
and thereby allow larger lignin fragments (i.e., less-oxidized) to diffuse out of the fiber
during chemical bleaching procedures, ss
The application of the xylanase pretreatment procedure prior to in-situ DMD bleaching
procedures is an attractive method to further enhance the bleaching efficiency of
dimethyldioxirane. To explore this possibility, Ragauskas treated hardwood and
softwood kraft pulp samples with xylanase. 4° The resulting pulps were then bleached with
predistilled DMD. As a control, the starting pulps were treated in an analogous manner
as in the xylanase pretreatment stage, but the enzyme was omitted from the treatment.
These pulps were then bleached with freshly prepared DMD. The results of these
bleaching experiments are summarized in Table 8. For the hardwood pulps, the xylanase
pretreatment procedure provided clear benefits in terms of the extent of delignification,
brightness gains, and reduced viscosity losses. For the softwood pulps, the enzyme
treatment provided moderate benefits for extent of delignification and viscosity loss. The
differences in the response to the xylanase treatment for the hardwood and softwood kraft
pulps are, undoubtedly, due to the higher xylan content found in hardwoods versus
softwoods. Nonetheless, xylanase pretreatment procedures were shown to have clear
benefits for DMD bleaching sequences and provided a novel means of improving the
bleaching efficiency of dimethyldioxirane.
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FUTURE STUDIES
Clearly, research studies over the last few years have substantially enhanced the
applicability of dioxirane chemistry for commercial applications. These successful
laboratory studies will now require pilot plant and mill trials to further evaluate DMD's
potential use as a bleaching agent for kraft pulps. Additional laboratory studies will also
be required to understand the fundamental oxidative chemistry which occurs between
DMD and lignin structures. Furthermore, at this stage in DMD's development, research
efforts need to be directed toward evaluatingthe safety aspects of this reagent, especially
as it applies in an industrial setting.
In summary, although many technical and scientific challenges remain, the success of the
last few years certainly suggests that dioxirane chemistry and/or analogous reagents will
impact on future pulp bleaching operations.
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Table 1. Effects of Bleaching Kraft Pulps with 0.1 N Dimethyldioxirane/Acetone 
Solutions.’ 
Pufp CharcIe of Kappa # Degree of % Briahtness 
DMDb DelignificationC [%) Gaind 
Hardwood 
Unbleached - 16.4 
Bleached 0.55% . 34 79 46 
Softwood 
Unbleached - 39.5 - m 
Bleached 5.0% 12.5 68 40 
Bleached/Extracted* 11.9 70 47 
8freshly prepared following Murray’s procedure2’; bcharge of DMD = mass of DMD 
(gr)/mass of dry pulp fibers (gr) %; C(initial pulp kappa - treated pulp kappa)/initial pulp 
kappa; d(treated pulp brightness - initial pulp brightness)/initial pulp brightness; *pulp was 
treated with an aqueous 4 x 10’ M NaOH solution for 3/4 h at RT. 
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Table 2. Peroxymonosulfate Bleaching Conditions and Delignification Results
for Softwood Kraft Pulp._
Solvent Syste m
.KH02SO3 Charge Wat,e,:,r, 2:1 Water/Acetone
Bleached Extracted Bleached E_acted
30% % Delignification 18 23 33 46
% Viscosity Loss 16 31 35. 31
15% % Delignification - - 28 39
% Viscosity Loss - - 24 27
"see Figure 3 for experimental detail.
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Table 3. Extent of Delignification on Bleaching a Softwood" Kraft Pulp with DMD as
a Function of Bleaching Time.
KHO.SOoChar_ Bleaching Time (h) Extent of Delignification
Bleached Bleached & Extracted
4% 1/2 22 28
4% 1 21 27
4% 14 17 24
8% 1/2 25 38
8% I 37 47
8% 14 33 46
ableaching solution was premixed employing 20 mi of water, 60 mi of acetone, and an
equal mass amount of oxone and sodium bicarbonate; employed a 2% consistency pulp
solution-
24
Table 4. MetalsAnalysis" of Chelated and Non-Chelated Softwood Kraft Pulp.b
Metals Content
Pulp Na _K Mg Ca CU Fe Mn N__i Zn
Initial 156 60.3 720 4,100 14.6 35.4 47.9 n.d. 11.7
EDTAChelatedc 1,040 n.d. 45.3 401 n.d. n.d. n.d. n.d. 26.6
2 N H2S04d 122 16.6 5.4 n.d. n.d. 4.15 n.d. n.d. 16.6
n.d.' nondetect, detection limits were 0.01 mg/kg ovendry pulp.
a Atomic absorption analysis metals content expressed as mg metal/kg ovendry pulp;
bcommericialsoftwood kraft pulp 19.7kappa number; Cseereference 47 for fu_her details;
dsee reference 48 for further details.
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Table 5. Effects of Chelation" on DMDb Bleaching of Kraft Softwood Pulp.
Pulp % Delignification
Bleachina Bleaching / Extraction
Non-chelated 19 25
EDTAChelated 24 31
2 N H2SO 4 Washed 16 26
"see Table 5 for experimental chelation data; bemployed 20 mi of 0.1 N DMD/acetone
solution with 20 g of softwood kraft pulp, initial kappa #' 23.6.
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Table 6. Peroxymonosulfate Delignification" PropertiesCatalyzed by Acetone,
Cyclopentanone, or 3-Pentanone.
Degree of Delignification Employing 100% Charge of Peroxymonosulfate




aemployed a softwood kraft pulp starting kappa number: 26.3.
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Table 7. Bleaching Abbreviations.
Symbol Bleaching Stage Bleaching Agent
C Chlorination Chlorine (CI2)
C/D Chlorination Chlorine with a small amount of CIO2
E Extraction NaOH
D Chlorine Dioxide CI20
0 Oxygen NaOHand02
Delignification
PAA Peracetic Acid CH3CO3H
P Peroxide H202
Q Chelation EDTA




Table 8. Evaluation of Xylanase Pretreatment Procedures for Bleaching Kraft Pulps
with 0.5% Charge DMDa.
Pulp ,Degree Delignification (%_ Brightness Gain (%) Viscosity Loss (%)
Hardwood b
WC(DMD)E 29 24 22
Xd(DMD)E 40 31 16
Softwood _
W(DMD)E 15 6 14
X(DMD)E 17 6 13
afreshlyprepared 0.1 N DMD/acetone; bcommericial northern hardwood, kappa number:
18.0, viscosity: 49.5 Cp; ISO brightness' 34.7; Cw refers to the control pulp which was
__washedprior to the DMD stage, this stage which replicates the _xylanasetreatment
(referred to as a X stage) in all parameters, except that the enzyme is not added; dthe
xylanase stage consisted of treating pulp at 12% consistency, pH 6.0, 50° C with
commercial xylanase (ca 85 IU/g of pulp fiber); °commericial northern softwood, kappa
number: 27.4, viscosity: 37.0 Cp, ISO brightness: 29.7.
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Figure 2. Overview of DMD Generation and Bleaching Chemistry.
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Figure 3. Evaluation of In-Situ DMD Bleaching Efficiency for Western Hemlock
Kraft Pulp _.
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Figure4. Evaluation of Peroxymonosulfate Bleaching Capabilities Employing
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=see Figure 5 for experimental details. 
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Figure 6. Effect of pH on in-situ DMD Bleaching of Kraft Softwood Pulp” 
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Figure 7. Typical Brightness Gains For (C/D)ED_ED 2 Bleaching Sequence






Figure 8. Delignification Benefits of Xylanase-Pretreatment for Bleaching
Softwood Kraft Pulp with Xylanase.
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